We study inflation persistence in South Africa using a quantile regression approach. We control for structural breaks using a quantile structural break test on a long span of inflation data. Our study includes persistence estimates for headline and core inflation -thus controlling for possible biases emanating from extremely volatile periods. South Africa's inflation persistence is lowest during the inflation targeting period regardless of the inflation measure. Inflation persistence is also constant over all quantiles during the inflation targeting regime for core inflation. There is a difference between the estimates from headline and core -headline persistence increases in relation to higher quantiles. Thus energy and food price shocks might de-stabilise inflation altogether.
Introduction
The study of inflation persistence is popular in South Africa. It varies from identifying the unit root property of inflation in simple models to more complicated models in a multivariate, multistate setup. The parameter values of inflation persistence tell policy makers whether they are able to maintain price stability -the core mandate of the South African Reserve Bank (SARB). Targeting inflation would seem like a futile pursuit if inflation exhibits a unit root, despite a monetary authority trying its best to anchor inflation expectations and given sufficient time to so. Alas, if inflation is mean reverting, the monetary policy authority could maintain price stability. It is possible that inflation persistence differs at various levels of inflation. Knowing these ranges, levels or corridors will help monetary policy in setting rates when deviations from target occur and will warn them about the problems and difficulties of stabilising prices if it becomes explosive. This study attempts to fill an important gap in the South African literature. We estimate inflation persistence at various quantiles and over different inflation regimes. We argue that the distribution of inflation persistence is more important than merely knowing how persistent mean inflation is. Explosive paths for inflation across all quantiles would suggest that the SARB failed at stabilising prices and at anchoring inflation expectations. Conversely, low persistence estimates over the entire distribution would imply that even short run deviations from the target are temporary and strengthens the idea that the SARB has anchored expectations reasonably well.
This study also reinforces the results from previous studies -we show that inflation persistence has been lower since inflation targeting and contrast it against other policy regimes using data that encompasses a long history of inflation. The results also highlight the usefulness of mean inflation to study inflation persistence.
Sample periods and methodologies differentiate the large body of inflation persistence studies. Methodologies range from summing up the lagged coefficients of inflation (see Clark, 2006; Pivetta and Reis, 2007; Batini, 2002 and Levin and Piger, 2004) , to mutlivariate settings (see Cogley and Sargent, 2006) , to nonlinear specifications (see Amisano and Tristani, 2007) . This study borrows a significant amount from Tillman and Wolters (2015) . They study US inflation persistence over time using a quantile regressions, which differ from previous methodologies. This method allows them to study the persistence of inflation during different regimes and for different values of inflation -the conditional distribution. For the US, they show that there is evidence of structural breaks in inflation persistence in the 1950's and the 1980's. Furthermore, inflation persistence has moderated and become similar across quantiles after the Volcker period. Inflation exhibits unit root behaviour before 1980, but since the end of the Volcker period the unit root is rejected at each quantile. They suggest that inflation can be decomposed into shocks emanating from monetary policy and inflation persistence shocks, where the latter is of particular interest. In using the methodology of Oka and Qu (2011) they are able to study the "synchronised" movements of inflation across all quantiles and whether the mean inflation is informative about the entire distribution of inflation.
Macroeconomic theory provides some explanations for persistent inflation. Lags of inflation in simple empirical models are often justified on the basis of how expectations are formed (mostly backward looking inflation) or serves as a proxy for price setting frictions (Fuhrer, 2011) . Inflation rigidity is also often stated as a key determinant of inflation. The models by Calvo (1983) explicitly account price inertia in a model of contracts and the way firms reset prices. Other interesting work from the inflation literature touches on inflation asymmetry due to convexities in the Phillips curve -such as in Laxton et al. (1999) . As an example shocks during recessions may be absorbed through employment, hence hardly having an impact on wages and inflation -and thus explaining why inflation is rigid downward and flexible and persistent upward. With menu costs downward price stickiness can be imposed endogenously. Large shocks move prices while small shocks have little effect. However, as shown by Caballero and Engle (1993) and Ball and Mankiw (1994) positive and negative shocks to inflation do not have the same size effects. Here firms that want to lower their relative price can do so by simply waiting for mean inflation. Firms will pay the menu costs to prevent a gap between their desired relative price and that of the falling relative price due to positive demand shocks (Tillman and Wolters, 2015) .
The study by Tillman and Wolters (2015) is related to Tsong and Lee (2011) but innovates by assessing the time variation in persistence in different quantiles. Tsong and Lee (2011) study the asymmetry of inflation persistence for 12 OECD countries using the using the methodology developed by Koenker and Xiao (2004) . Inflation is mean reverting, but the dynamic adjustments are asymmetric. Negative shocks are associated with quick mean reversion while inflation is persistent with large positive shocks.
Some weaknesses of quantile regression modelling have been put forth by Manzan and Zerom (2015) . They argue that the AR quantile regression estimates for inflation persistence are biased when not controlling for inflation volatility. They test the out-of-sample forecast predictions of the quantile autoregression against an AR model accounting for volatility where the different quantiles of inflation enter the volatility equation. They show that the AR model outperforms the quantile regressions (QAR) and that the persistence parameter is quite high and compares favourably with Stock (2002) -accounting for volatility -thus when volatility is ignored the persistence parameter seems underestimated. The results are reversed when considering headline inflation only -persistence has decreased to very low levels in the mid 2000's. Given the differences in headline and core inflation, they attribute the asymmetric effects stemming from the QAR due to heteroskedasticity -thus a misspecified equation. We address this issue by using a measure of core inflation that removes excess volatility. Finally, they show that inflation is stationary over low quantiles but exhibits a unit root at high quantiles using the quantile unit root test of Koenker and Xiao (2004) .
There has been a surge of papers recently regarding estimates of core inflation and inflation persistence in South Africa. Rangasamy (2009) uses the well-known univariate autoregressive (AR) equation to obtain a measure of persistence in aggregate as well as disaggregated inflation. This method relies on estimating various AR terms where inflation is the dependent variable. The regression often includes a constant. The sum of the AR terms, ∑ where ∈ 0,1 , determines the degree of persistence and is the parameter on lagged inflation. If 1 then inflation contains a unit root and is explosive. If 1 then inflation is mean reverting. He shows that there has been a decline in persistence since the adoption of inflation targeting in 2000 ( 0.98 before inflation targeting and 0.83 since inflation targeting). These estimates are still very persistent despite inflation reverting back to its mean. Interestingly he shows that disaggregated inflation indices are less persistent compared to the aggregate measure -thus hinting at an aggregation bias. Balcilar et al. (2015) use a fractionally integrated model in a regime switching setup to study inflation persistence. The fractionally integrated model allows for inflation persistence to be very long (i.e. approaching a unit root). The Markov-switching setup derives persistence estimates for inflation in high inflation and low inflation states. They show that inflation persistence is much stronger in a high inflation environment compared to a low inflation environment -while controlling for volatile inflation states. Balcilar et al. (2015) come to a similar conclusion as Rangasamy (2009) -inflation persistence is much lower since inflation targeting (although the date for the low inflation state starts in 2003 -implying that it took a while to anchor inflation expectations). According to their model specification, South Africa has been in a low inflation state since 2003. The policy recommendations are clear -controlling inflation becomes very difficult once the SARB allows inflation to breach high levels and as a consequence will have to deal with high inflation for a long period. The half-life for inflation during a high inflation period is 70 months compared to 10 months in a low inflation state.
Using an approach that relies on micro foundations, Du Plessis and Burger (2013) estimate a New Keynesian Phillips curve that allows for firms to index current prices to past inflation and future inflation -a measure of persistence. The parameter on past inflation, however, has the opposite sign in some specifications. Only when two restrictions are imposed (one where the discount parameter equals unity and another where the forward and backward parameters sum to unity) do they obtain a positive value. It is definitely very interesting that the forward looking parameter has a larger weight in explaining current inflation than the backward indexation, meaning that the persistence on inflation relies largely on people's forward inflation expectations -highlighting the role of properly anchoring inflation expectations. The only other source of persistence would then emanate from marginal cost -persistence in marginal cost would lead to persistence in inflation.
Although Burger's (2014) study focuses on the link between uncertainty and inflation, an addition outcome of his analysis is inflation persistence during high and low market uncertainty.
Burger (2014) uses two methods in his study: a general to specific methodology as advocated by Doornik (2009) and Hamilton's (1989 Hamilton's ( , 1996 Markov-switching model. The regressions control for a number of factors such as exchange rate pass-through, market uncertainty, demand shocks and inflation inertia. Inflation persistence is measured in a similar fashion as Rangasamy (2009) and equals the sum of the coefficients of different lagged inflation. Inflation persistence varies between 0.50 and 0.74 depending on the regime and specification. Inflation persistence is highest in the market uncertainty regime and lowest during tranquil market conditions. An interesting paper by Burger and Marinkov (2008) obtain recursive estimates for inflation persistence pre and post inflation targeting. They show that inflation persistence has not decreased since inflation targeting (but is mean reverting none the less) and doubt whether the SARB is able to decrease inflation persistence at all with the new monetary policy regime. They conclude, however, that the SARB is able to anchor expectations. This suggests that the link between persistent inflation and inflation expectations are not clear -thus even with a credible monetary policy regime inflation is still very persistent and possible close to a unit root.
In a paper critical to inflation targeting in South Africa, Faul et al. (2014) estimate inflation persistence for three thresholds -the inflation target band of 3%-6%, a very low inflation threshold of less than 3% and a high inflation threshold of more than 6%. They use monthly inflation data from 2003 until 2014 thus encompassing only the inflation period. It is unsurprising that they find that inflation is mostly persistent between 3%-6%. This could imply that inflation expectations are well anchored. However, the sum of the lagged inflation parameter is larger than unity -which should imply an explosive inflation path -not a return to the target range. They seem to argue that inflation becomes explosive when it it falls within this rangethus implying that the SARB's target is not valid. In contrast, the high inflation regime has a mean reverting property. Unfortunately the results do not tell us what the mean reverting inflation level is since the thresholds have been arbitrarily chosen. What is surprising is that that they suggest that the SARB revise the inflation target upwards or altogether abandon inflation targeting without studying the economic impact of such a change. More interestingly, they show that inflation is also mean reverting for a threshold lower than the lower target -but do not advocate a lower policy target for the SARB. It is a rather big leap to infer what the SARB should do with its inflation target given the persistence of inflation. As mentioned earlier, persistence varies by regime, by volatility and by time varying levels. The sample data used in the Faul et al. (2014) paper is very short and only covers one specific regime. Furthermore, the fact that the sum of lagged inflation coefficients is only slightly higher than unity could suggest that inflation might be close to a unit root and in fact not exceed it if the appropriate time span and model is chosen. This is substantiated by the analysis of Gil-Alana (2011) who uses a fractionally integrated model of inflation -inflation is close to a unit root, but is still mean reverting.
Data
We use monthly data on headline Consumer Price Index (CPI) and core CPI, which is headline CPI excluding food and energy prices, covering the period of 1975:1 until 2015:4, with the start and end dates being purely driven by data availability. The headline inflation and the core inflation rates are calculated as the log difference between two subsequent months. We use core inflation to control for the possibility that volatility might bias our results (Manzan and Zerom, 2015) . The data is sourced from Statistics South Africa. Since we lose the first observation while computing inflation rates, we have a total of 483 observations to work with.
Methodology

Quantile unit root
We use the novel unit root test developed by Koenker and Xiao's (2004) to test the mean reverting properties of inflation in a quantile regression framework. The test is an extension of Dickey-Fuller type unit root test with higher power when a variable has heavy-tails. Another advantage of the test is that it allows for a different adjustment mechanism towards the long-run equilibrium at different quantiles.
To illustrate the test, we start with following specification of augmented Dickey-Fuller unit root test (ADF hereafter):
Where stochastic variable is the inflation rate, is intercept and ε is independent and identically (i.i.d) innovation with mean zero and variance σ . To control for autocorrelation we include ∑ ∆ to avoid autocorrelation with the error term . is the AR coefficient and reflects the degree of persistence. | | 1 suggests that the series is mean reverting thus ruling out explosive behavior. If | | 1, it suggests that inflation rate series follows a unit root process. Koenker and Xiao (2004) define the τ th conditional quantile of as follows:
Where Q τ|ξ is τ th quantile of conditional on the past information set, ξ . τ is τ th conditional quantile of ε . As noted by Tsong and Lee (2011) , the estimated values capture the magnitude of inflation rate shock in each quantile.
τ measures the speed of mean reversion of within each quantile. Also, using τ , we can measure the persistence of a shock to inflation rate series through the half lives in each quantile, which is formulated as ln 0.5 /ln . We determine the optimum lag(s), k, using AIC information criteria.
The coefficients τ , τ , and τ , …, τ are estimated by minimizing sum of asymmetrically weighted absolute deviations.
To decide about unit root behavior over a range of quantiles, Koenker and Xiao (2004) recommend using the quantile Kolmogorov-Smirnov (QKS) test:
In this paper, we construct the QKS statistics by choosing maximum |t τ | statistics over range τ ∈ 0.1,0.9 . As noted by Koenker and Xiao (2004) , the limiting distributions of t τ and test statistics are nonstandard and depend on nuisance parameters. Hence To derive critical values for the above mentioned tests, we implement the re-sampling procedures of Koenker and Xiao (2004) as follows:
1-We run following l-order autoregression by ordinary least square:
2-Save fitted values ∆ ∑ ∆ and residuals ϵ , and then create bootstrap residuals (ϵ ) with replacement from the centered residuals ϵ ϵ ∑ ϵ .
3-Calculate the bootstrap sample of observations as follows:
We construct the τ and τ based on equation (2), statistics based on and QKS statistics based on equations. (4). 4-We repeat steps 2 and 3 500 times and the collection of realized t τ and QKS statistics provides us an approximation to the cumulative distribution functions of them. Also, to construct the 95% confidence intervals for the τ and τ , we use their empirical distribution functions.
Breaks in the persistence
South Africa adopted an inflation targeting policy from 2000. As a consequence it is possible that inflation has some breaks in persistence. To test this hypothesis, we examine changes in inflation persistence using the Oka and Qu (2011) test that allows for structural change in multiple conditional quantiles and with unknown timing in dynamic regression quantiles including quantile autoregression.
The conditional quantile of with m unknown structural breaks is written as:
Where , , , , and , are unknown parameters that are quantile dependent and T j 1,2, … , m are unknown break dates. The test is run in the two steps. In the first step, we test the existence of structural break across a range of quantiles by using DQ test and determine the number and location of breaks simultaneously 1 .
If the DQ-test rejects the null hypothesis of no structural break, in the second step, we test the structural stability in the pre-specified quintiles using the SQ τ test 2 .
We detect the number of structural breaks by estimating the persistence parameters for the different quantiles under the null of no structural breaks. We proceed then to estimate the quantiles separately for different sub-samples based on the previous break date. If the null hypothesis of no structural change is rejected, we test in sequential steps the null hypothesis of 1 break against the alternative hypothesis of 2 breaks using the DQ(l+1|l)-and the SQ τ (l+1|l)-tests. If we find evidence in favor of 2 breaks we check the null hypothesis of 2 breaks against 1 . The hypothesis for DQ test is as:
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Empirical results
Inflation has large tails. A simple density plot ( Figure 1 ) and a Q-Q plot (Figure 2) show that inflation has a large weight on the right tail of the distribution. We use this result to motivate our use of a quantile regression approach.
We break the quantile unit root test into various periods as determined by structural break test from Oka and Qu (2011) , and also to account for the inflation targeting regime that was adopted by the South African Reserve Bank (SARB) in the year 2000. We test the unit root behaviour for inflation quantiles using i. The quantile unit root test for the entire sample (Table 1) , 1975:02-2015:04, shows that inflation is a stationary process for headline inflation in quantiles 1 to 9, but is significant only for quantiles 1 to 5. Core inflation is stationary for quantiles 1 to 6 but also only significant for the first five quantiles. The half-life for the median quantile is 2.4 periods and 4 periods respectively for headline and core inflation.
The opposite is true for the period 1975:02-1992:04 (Table 2 ). Inflation persistence is above unity for the first two quantiles and mean-reverting for the following eight. Surprisingly the highest quantiles show the least amount of persistence for both headline and core inflation. The results are only statistically significant for the inner quantiles. Inflation persistence is quite low for the period 1992:05-2015:04 (Table 3 ) except for the last quantile, which is near the unit interval and is insignificant. The quantile unit root test for the period 1975:02-1999:12 shows that headline inflation is persistent and even explosive in the first few quantiles. Core inflation during this sample is stationary but very persistent. None of the results are significant. With benefit in hindsight, a researcher that used the exact same test in 1999 might then have had conclude that inflation was explosive and that the monetary policy tools used over that period was inefficient and not able to stabilise prices.
In contrast to previous regimes, headline inflation is mostly mean reverting for quantiles 1-9 during 2000:01-2015:04 (Table 5) while very constant for core inflation in all quantiles and exhibits low persistence. This is a departure from the preceding paragraph regarding monetary policy before inflation targeting. The results, over this period, suggest that particular policies such as credible inflation targeting has the ability to staibilise prices
As expected, the intercepts in Figure 3 to 7 are increasing in the quantile ranges over the different sub samples. The figures also show how sensitive the results are to the sample chosen. For the entire sample (Figure 3 ) inflation persistence is increasing in quantile range for both headline and core inflation. The last quantile coefficient reaches unity while the rest is below one. Inflation persistence is not equal between different levels of inflation -high inflation is much more persistent -and can be explosive, which is in line with Balcilar et al. (2015) .
The results are reversed when studying inflation persistence for the period 1975:02-1992:04 (see Figure 4 ): Persistence declines as inflation moves from the first to the median quantile, although most of the quantile estimates are insignificant. Core and headline inflation persistence increases then slightly from the median quantile to the last quantile, but is once again insignificant.
Expanding the previous sample by seven years, 1975:02-1999 :12, leads to markedly different results. This shows how sensitive persistence estimates are to structural breaks as well as sample periods. Both headline and core inflation during this period is remarkably persistent across all quantiles. The standard errors are wide implying that the results are not significant.
The inflation targeting period (Figure 7 ) from 2000:01-2015:04 shows that persistence also increases as one moves up in the quantile range for headline inflation. More interestingly, inflation persistence increases considerably moving from the median quantile to higher quantiles. Core inflation, however, has an equal persistence across all quantiles and moves between 0.3 and 0.6, which is low and in line with the estimates that Burger (2014) obtained. Only in this period do we observe a marked difference between headline and core inflation estimates across the quantile range, which leads to some validity that not accounting for inflation volatility leads to biased and higher inflation persistence estimates -recall that Burger (2014) controls for uncertainty in the inflation equation by including the VIX index.
The results show that only the period during the inflation targeting regime has a constant persistence estimate for core inflation. Energy and food prices increases the persistence estimates for all quantiles (headline is higher than core). While this does not prove that energy and food price shocks change the underlying distribution of inflation persistence -it does point to a monetary policy conundrum. Energy and food price shocks are often exogenous and not in the control of monetary policy. A large enough energy or food price shock can push inflation to a "dangerous" level where persistence negates policy -to a point where policy becomes ineffective or so severe that it has adverse economic consequences.
Other periods, which include different monetary policy instruments, ran the risk of run-away inflation as soon as inflation reaches high levels irrespective of the measure of inflation.
Persistence is an increasing function in quantiles for headline inflation. Volatility in headline inflation, or the inclusion of various asset prices in inflation might reinforce, or cause bubbles when inflation starts trickling up.
There seems to be clear benefits in keeping inflation low. Inflation targeting has not only decreased the volatility of inflation, but has also kept inflation within levels that limits an explosive inflation path.
It is also interesting to note, that decreases in inflation, since inflation targeting, usually occurs from low inflation levels. Hardly do we notice a decrease in inflation from a high level. This result sheds light on price rigidities and indicates that prices are downward sticky when inflation is high. The consensus from the South African literature, with the exception of one study that we could find, all point to the benefits of inflation targeting. We refrain from discussing the costs of keeping inflation low, although the economy-wide benefits have been well recorded. If the SARB's objective continues to maintain stable prices it will do well to keep the inflation targeting framework or perhaps even target lower inflation as opposed to reverting back to using previous tools.
Conclusion
This paper studies the persistence of inflation, both headline and core, for the South African economy. This paper is the first to study inflation persistence using quantile regressions for the country. The size of inflation persistence for various quantiles varies across different monetary policy regimes. Persistence in the top quantiles is close to a unit root, and in some cases exhibit unit root behaviour. The consequence is clear -if inflation is unchecked and allowed to increase then monetary policy will find it very hard to stabilise prices at some desirable level. The results, however, show that persistence of core inflation for all quantiles since inflation targeting has been constant and low. The implications are that monetary policy has been able to anchor inflation expectations even when inflation breaches the upper limit in the target. The commitment to inflation targeting suggests that inflation will return to its mean if there are short run shocks which cause a considerable deviation from the target range. 2) The p-values for t τ and QKS statistics computed using bootstrapping procedure and 500 replications. 3) For quantiles which is greater than unit, the half live is equal to ∞. 
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